Abstract The experimental phenomena involving the changes in electron temperature and electron density as a function of pump frequency during an ionospheric heating campaign at European Incoherent Scatter near Tromsø, Norway, are reported. When the pump frequency is slightly above the fifth electron gyrofrequency, the UHF radar observation shows some apparent enhancements over a wide altitude range in radar echo, ion line, and electron density respectively, which are apparently altitude independent and consistent temporally with the upshifting and spread of plasma line around the reflection altitude. However, they do not, in fact, correspond to true increase in electron density. Based on some existing theories, some discussions are presented to try to explain the above enhancements and the upshifting and spread of plasma line. Even so, the mechanism remains to be determined. In addition, the observation also shows some enhancements in electron temperature as a function of pump frequency around the reflection altitude of the pump, which are dependent on the behavior of dispersion of the upper hybrid wave near the fifth electron gyrofrequency.
Introduction
The effect of powerful radio waves (usually termed as a pump) on the ionosphere includes the development of a wide range of phenomena, the most common of which is the enhancement in electron temperature and electron density perturbations as either an enhancement or a decrease around the reflection altitude of the pump. Gordon et al. [1971] and Gordon and Carlson [1974] reported the ionospheric effect of a pump on the vertical electron temperature profile above Arecibo and showed that the stronger pump power, the more significant was the mean enhancement in electron temperature in the altitude range of 250 km to 350 km. Moreover, the enhancement in electron temperature usually takes place for an O mode pump, whereas only weak effects were observed for an X mode pump. The modulation instability of plasma waves in a magnetic field can result in some cavities filled with plasma wave, which collapse and lead to an explosive increase in the density variation when the pump is directed along the magnetic field [Krasnosel'skikh and Sotnikov, 1977] . Sotnikov et al. [1978] studied strong plasma turbulence at the lower hybrid frequency as well as the collapse of lower hybrid waves and examined the dissipation mechanisms limiting the collapse of an individual caviton and furthermore evaluated the dissipation rate of pump. Mantas et al. [1981] carried out a detailed study of the thermal effect of ionospheric heating on the nighttime F region ionosphere. It was found that the enhancement in electron temperature spread over a wide altitude range, for which heat conduction was responsible, and that about half the heating was caused by anomalous absorption and half by derivative absorption. However, later observations provided the evidence that anomalous electron heating in the presence of small-scale field-aligned irregularities dominated over collision heating at high latitude [Robinson et al., 1996] . At Arecibo, some large enhancements of 1000 K-2000 K in electron temperature were observed around the reflection altitude of the pump and were accompanied by small-scale field-aligned irreelectron temperature increased up to 55%, whereas the measurements of electron density have revealed both enhancements and reductions around the reflection altitude of the pump. These differences were indicative of variations in the balance between the transport and chemical effects. Honary et al. [1993] observed electron temperature and electron density temporal fluctuations induced by pump, which indicated that the coupled electron temperature and electron density oscillation was driven by chemical perturbation. Rietveld et al. [2003] presented some enhancements in electron temperature of up to 3000 K, which spread along the magnetic field to an altitude of 700 km and showed a strong dependence on the angle of pump to magnetic field. The pump excited optical emission and the enhanced electron temperature were linked clearly to the same mechanism involving upper hybrid waves and small-scale irregularity [Mantas, 1994; Mantas and Carlson, 1996; Gurevich and Milikh, 1997; Leyser et al., 2000; Bernhardt et al., 2000; Gustavsson et al., 2001; Pedersen and Carlson, 2001; Kosch et al., 2002; Kuo and Rubinraut, 2005] .
Besides Ohmic coupling directly between the pump and ionospheric plasma, the enhancement in electron temperature and the decrease in electron density are associated with artificial small-scale irregularities and anomalous absorption. Utlaut and Violette [1974] reported for the first time that anomalous absorption could be seen on ionograms from slightly below the pump frequency up to the F region critical frequency. For this reason, the anomalous absorption was originally termed as wide band absorption. As an example, on local either preexisting or artificially induced small-scale irregularities, the O mode pump can be converted into electrostatic upper hybrid waves at the altitude of the upper hybrid resonance, which propagate near perpendicular to the magnetic field and dissipate energy by being trapped in those small-scale irregularities. Thus, Ohmic heating from those trapped waves provides the necessary positive feedback for the further development of small-scale irregularities. The above process should finally lead to the anomalous absorption of the pump, furthermore, to the enhancement in electron temperature and the decrease in electron density as well as the stimulated electromagnetic emission. Gurevich et al. [1995] established a nonlinear theory determining the conditions for the existence and structure of the stationary small-scale irregularities induced by pump and predicted a strong enhancement in electron temperature inside the small-scale irregularities and large change of the depth of the irregularities. These effects decrease dramatically in a narrow region near the electron cyclotron resonance. Furthermore, Gurevich et al. [1996] constructed a nonlinear theory of anomalous absorption of a pump on small-scale irregularities. Based on this nonlinear theory, a new model of the artificial airglow was proposed [Gurevich and Milikh, 1997] . In 1998, considering the electron temperature measured by incoherent scatter radar, Gurevich et al. [1998] put forward a method to determine the enhancement in local electron temperature. With regard to the problem of the nonlinear structuring of the modified ionosphere due to the self-focusing of a pump on the bunches of small-scale irregularities, two main conditions of self-focusing, namely, propagation of pump along the magnetic field for effective excitation of small-scale irregularity and trapping of pump by large-scale irregularities, were formulated [Gurevich et al., 1999] .
It has been found that those enhancements in electron temperature also exhibit a dependence on the difference between pump frequency and a harmonic of the electron gyrofrequency. Mjolhus [1993] predicted that the effect of ionospheric heating should be suppressed when the pump frequency was slightly below a harmonic of the electron gyrofrequency. This is due to the existence of a second cutoff in the upper hybrid dispersion relation. Moreover, the peculiarities of the absorption of pump near the third electron gyrofrequency were studied [Gurevich et al., 1996] . Some experiments were performed and have confirmed the above theories and predications. Using the EISCAT heater, an O mode pump was transmitted vertically at the frequency varying in small steps around the third electron gyrofrequency. Measurements of anomalous absorption of pump and enhancement in electron temperature all exhibited wide minima as the heater frequency in the vicinity of the third electron gyrofrequency. The results suggested that the pump could not excite the small-scale field-aligned irregularities as pump frequencies approached the third electron gyrofrequency but induce very small-scale irregularities, which were responsible for the production of fast electrons and the ionized patches [Honary et al., 1995] . The results given by Robinson et al. [1996] indicated that there were strong minima in anomalous absorption and electron temperature when pump frequency is operating in the vicinity of the third and fourth electron gyrofrequencies and that anomalous electron heating in the presence of small-scale field-aligned irregularities dominated over collision heating at high latitudes. Experimental results of resonant high-frequency scattering off small-scale field-aligned irregularities excited by a pump transmitted by the Sura radio facility in Russia also showed a minimum in the scattered signal strength when the pump frequency was near the fourth electron gyrofrequency and a significant broadening of the frequency spectrum of the scattered signal for pump frequencies above the fourth electron gyrofrequency [Ponomarenko et al., 1999] . On 3 November 2000, EISCAT heater was stepped in frequency through the third electron gyrofrequency. A significant decrease in the artificial optical emission strength and Cooperative UK Twin Auroral Sounding System radar backscatter proved that upper hybrid turbulence was intimately linked to the mechanism for high-latitude artificial airglow, at least for 630 nm photons [Kosch et al., 2002] . Borisova et al. [2014 Borisova et al. [ , 2016 presented data including (1) the coexistence of the thermal parametric instability and parametric decay instability near the fourth gyroresonance harmonic, (2) an apparent increase in electron density by 40-50% in a wide range of altitudes, (3) a weak suppression of artificial ionospheric irregularities with transverse scales of 7.5-9.0 m during heating at a frequency near the fifth electron gyroharmonic, and (4) plasma lines (HFPL 2 ) excited at frequency higher 150-250 kHz than the pump as a result of the four-wave interaction possibly.
Here we present some further experimental results deduced from EISCAT UHF observations during ionospheric heating experiments using the EISCAT heater operated in O mode polarization and at frequencies sweeping near the fifth electron gyrofrequency on 11 March 2014. In this paper, the principal objective should be to examine electron temperature and electron density as well as their behavior in pump frequency.
Experiment and Observations
The EISCAT heater ] is located at Ramfjordmoen near Tromsø, Norway (69.58°N, 19.21°E, magnetic dip angle I = 78°). The 12 transmitters can generate up to~1.2 MW of continuous wave power in the frequency range from 3.85 to 8 MHz. There are three antenna arrays that cover the frequency ranges of 3.85-5.65 and 5.5-8 MHz, two with a gain of~24 dB (dependent on frequency), which produce a beam width of 14.5°and a maximum effective radiated power (ERP) of~300 MW, and one with a gain of 30 dB resulting in a beam width of~7.5°. The principal diagnostic, EISCAT UHF radar [Rishbeth and Van Eyken, 1993 ] located approximately 500 m from the EISCAT heater is an incoherent scatter radar operating at 930 MHz. The antenna is a 32 m parabolic dish with a beam width of~0.5°at half maximum power. It is fully steerable in azimuth and elevation.
Using EISCAT heater and UHF radar, the experiment was conducted at 12:30-14:30 UT (universal time) on 11 March 2014. The EISCAT heater was operated in O mode at frequencies sweeping in steps of 2.804 kHz from 6.7 MHz to 7 MHz near 5f ce as illustrated by the bottom panel of Figure 2 and some following figures, through which one can follow clearly the stepping change in pump frequency f HF and see the corresponding plasma effect, where f ce is the local electron cyclotron frequency at the altitude of~200 km with a value of~1.366 MHz in Tromsø, with a modulation cycle of 18 min on, followed by 12 min off. The period of each step frequency was 10 s, that is, 108 frequencies over a heating period of 18 min. The heating beam was field aligned (approximately 12°south of the zenith), and ERP for O mode was calculated to be in the range 56 MW-78 MW. Array 3 was used, and because of an unbalance in the number of transmitters used, there was also about 10 MW ERP of X mode radiated.
The UHF radar used "beata" modulation and started observations at 12:32:30 UT and remained field aligned, with a 12.5°zenith and 186.2°azimuth, where beata mode uses a 640 μs (32 × 20 μs) alternating code pulse with 10 μs sampling,which resulted in a undecoded~96 km range resolution and a decoded~2.5 km range resolution. In addition, to measure the effect induced by the pump for each step of frequency, the data were analyzed using an integration time of 10 s by version 8.7 of GUISDAP (Grand United Incoherent Scatter Design and Analysis Package) software [Lehtinen and Huuskonen, 1996] In addition, the mean critical plasma frequency of ionosphere was~9 MHz at the F 2 cutoff altitude of~280 km from 12:30 UT to 14:00 UT and decreased to~8.54 MHz from 14:00 UT to 14:30 UT. As some examples, Figure 1 shows some vertical profiles of electron density obtained through the measurement of the Dynasonde HF sounder at EISCAT before and during the experiment, which were measured at 12:28 UT, 13:02 UT, 13:08 UT, and 13:16 UT, respectively. One can see that the inactive ionosphere below the altitude of~280 km and the successive slight decrease in electron density above~280 km at 13:02 UT, 13:08 UT, and 13:16 UT, respectively. Figure 2 shows the ratios of the undecoded UHF radar echo power P to their undisturbed value P 0 as a function of heating cycles within the altitude range from 76.6 km to 720 km, where P 0 is the median of the profile of the undecoded UHF radar echo over the final 5 min of the last cycle, namely, at 14:25 UT-14:30 UT. In order to facilitate the following description and discussion, it is necessary to divide the pump frequency band of [6.7 MHz, 7 MHz] into three bands, namely, the high-frequency band (HB), the gyrofrequency band (GB), and the low-frequency band (LB). For instance, we choose HB to be (6.857009 MHz, 7 MHz], GB to be [6.84299 MHz, 6.857009 MHz], and LB to be [6.7 MHz, 6.84299 MHz), respectively, in the third cycle, where "()" means the open interval. Indeed, due to the slight perturbation of the geomagnetic field, the above division in each cycle should be slightly different from each other.
In Figure 2 , one can see two types of strong enhancements in P/P 0 , the first of which occurs over the altitude range from~155 km to~250 km in the GB and is up to~1.3 to~1.5 and the second of which develops up tõ 1.5 and takes place at the higher frequencies of (~6.93 in the HB, similarly, which can be termed as HHB. Unlike the first type of enhancement, the second type of enhancement appears to be independent of altitude and extends from~230 km to the limit of the radar's measurement above 700 km. Moreover, in the third cycle (13:30 UT-14:00 UT), it is very obvious that the enhancement does not appear immediately after the pump is switched on, but~30 s later. In the second and fourth cycles (13:00 UT-13:30 UT and 14:00 UT-14:30 UT), the enhancements decay to the undisturbed level within~30 s of switching off. Figure 2 also shows an enhancement in P/P 0 within the altitude range from~100 km to~225 km at 12:32:30 UT-13:30 UT, which is independent obviously of heating cycles and is due to the larger electron density of background ionosphere.
On the other hand, in all of heating cycles, some decreases in P/P 0 take place in the LB and within same altitude range as the first type of enhancement, which are up to~0.85 and become weaker at those pump frequencies f HF being closer to GB. Additionally, they appear immediately after the pump is switched on as seen in the second and fourth cycles and disappear immediately after the pump is switched off as shown in the first and third cycles.
The version 8.7 of the GUISDAP software [Lehtinen and Huuskonen, 1996] also gives the decoded power profile of radar echo with a height resolution of~2.4 km in the altitude range of~48.5 km to~276.8 km for 12.5°z enith, which can be used to determine the reflection altitude of the pump by assuming that the pump enhanced ion line is caused by parametric decay instability. Due to the Bragg condition, a radar with frequency f r in monostatic operation detects the propagating Langmuir wave and ion acoustic wave enhanced by the pump at the altitude :
where z 0 denotes the reflection altitude of the pump, H the scale height, v e the thermal electron velocity, and c the velocity of light. With respect to the operating frequency of EISCAT UHF radar f r = 930 MHz, the pump frequency f HF = 7 MHz, the electron temperature T e ≈ 2000 K and H with the reasonable value of ≈50 km at the altitude of 200 km, then formula (1) can be expressed as z ≈ z 0 À 3.6 km. Thus, we can identify approximatively and reasonably the reflection altitude of the pump in reference to the altitude of the pump enhanced ion line.
The decoded power profile of radar echo P d over the altitude range of 180 km-276.8 km is presented in Figure 3 , in which there are five features. (1) The reflection altitudes of the pump lie in the altitude range of~200 km to~215 km. (2) When the pump frequency f HF sweeps in the GB, those strongest enhancements of~9.5 × 10 11 in P d occur at the altitude of 204 km in the first cycle, 212 km in the second cycle, 207 km in the third cycle, and 210 km in the fourth cycle and are indeed coincident in cycle with the first type of enhancement in Figure 2 . (3) When the pump sweeps in the HB, P d is also enhanced in the altitude range of~200 km to~215 km, but much less than that in the GB. Moreover, the altitude of the enhanced P d in the HB is lower 
Journal of Geophysical Research: Space Physics

10.1002/2016JA023121
than that in the GB. (4) When heating in the LB, the decrease in P d appears to be at the altitudes of~190 km tõ 250 km in all four cycles. (5) The most interesting are those enhancements appearing in the HHB, which only occur above the altitude of~230 km in the first, second, and third cycles and~240 km in the fourth cycle, whereas no apparent enhancement occurs from the reflection altitude to~230 km. In the HHB, the ion lines at the altitude of 347.5 km show some distinctive enhancements, which indeed correspond temporally to the enhancements in P/P 0 extending over a wide altitude range. In the HB, some strong enhancements in ion line at the altitude of 203.7 km in the first cycle, 209.57 km and 212.5 km in the second cycle, 206.63 km and 209.57 km in the third cycle, and 206.63 km and 209.57 km in the fourth cycle are very obvious. In the GB, one can see some enhancements in ion line at the altitudes of 206.63 km, 215.43 km, 209.57 km, and 212.5 km in the first, second, third, and fourth cycles respectively. The most prominent features are those significant "spikes" in the center of ion line occurring at altitudes of 203.7 km, 206.63 km, 209.57 km, 212.5 km, and 215.43 km, which are the manifestation of the oscillating two-stream instability or the purely growing instability, and the significant "shoulders" occurring at altitudes of 203.7 km, 206.63 km, 209.57 km, 212.5 km, and 215.43 km, which are the confirmation of parametric decay instability Kohl et al., 1993] . On the other hand, there are some decreases in ion line in the LB at altitudes of 203.7 km, 206.63 km, 209.57 km, 212.5 km, and 215.43 km, which are associated obviously with those decreases in P/P 0 in the LB shown in Figure 2 . In addition, one can also see some decreases in ion line in the HB at altitudes 203.7 km, 206.63 km, 209.57 km, 212.5 km, and 215.43 km. Moreover, the ion line becomes slightly wider in the period of heating on than heating off.
The previous observations at EISCAT showed that the altitude of ion line was about 3 km-5 km higher than the altitude of plasma line Kohl et al., 1993] . Indeed, it is difficult to explain the altitude difference between the pump induced ion line and plasma line. Stubbe et al. [1992] and Kohl et al. [1993] thought it was due to the virtual observation at a frequency 933 MHz/2. Therefore, considering the above altitude difference, the downshifted plasma lines within the frequency range from À6.7 MHz to À7.25 MHz at Figure 5 . In a similar way to ion line, these plasma lines show similar gaps or weakening intervals caused by the normalization, but they occur in the GB and HB. At the altitude of 339.48 km, no pump-induced plasma line is found. At the altitudes of 198.52 km, 201.45 km, 204.39 km, 207.32 km, and 210.25 km, however, there are two "layers" of plasma lines, the lower one of which is the decay line and lies at frequency f HF À f ia , where f ia is the frequency of ion acoustic wave and~9.5 kHz here, as is expected from the parametric decay instability induced by the pump, and the upper one of which is the upshifted and spread plasma line at frequencies above the pump frequency, which occur only in the HHB at altitudes of 204.39 km and 207.32 km in the second, third, and fourth cycles, in the GB at altitudes of 198.52 km and 201.45 km in the first cycle and at altitudes of 207.32 km and 210.25 km in the second cycle. The more interesting is that the upshifting and spread of the upper "layer" of plasma line is coincident in heating cycle with those enhancements in P/P 0 over a wide altitude range. In addition, no enhancement in plasma line was observed in the LB at all altitudes. Borisova et al. [2016] also reported the presence of two traces of the HF-induced plasma line in the spectrograms, termed as HFPL 1 and HFPL 2 , respectively.
Figure 6 (top) is the altitude profile of the ratios of electron density N e to the undisturbed background value of N e0 as a function of heating cycle, where N e0 is taken from the median of the profile of electron density taken from the final 5 min of the last cycle of the UHF radar observations at 14:25 UT-14:30 UT. In a narrow region around the reflection altitude, it can be seen that those enhancements in N e /N e0 in the GB and HB in the third and fourth cycles are up to~1.4. In the first and second cycles, however, no apparent enhancement in N e /N e0 around the reflection altitude has been seen.
In the HHB, there are some strong enhancements in N e /N e0 of~1.6, which extend from approximately the reflection altitude to~670 km and are apparently altitude independent. The enhancement does not occur immediately when heating is turned on at 13:30 UT, but it has a delay of~30 s and develops in the HHB and disappears with the falling f HF . When f HF sweeps up, the enhancement is absent in the LB and GB and appears in the HHB, and it does not disappear immediately after the heating is switched off at 13:18 UT and 14:18 UT but decays to an undisturbed level within approximately~30 s. Figure 6 (top) also shows some enhancements in N e /N e0 extending from~100 km to~225 km, especially at 12:30 UT-13:00 UT, which do not depend on heating cycles, but is due to the larger electron density N e in the background ionosphere in the altitude range of~100 km to~225 km at 12:30 UT-13:00 UT.
To obtain more detailed insight into the change of electron density in the altitude, a subset of altitude profile of N e /N e0 within the altitude range from 180 km to 300 km is given in Figure 6 (middle). It is evident that those enhancements in electron density around the reflection altitude take place in the HB and GB at the altitudes of 214 km and 200 km. In the first cycle, the strongest enhancement in N e /N e0 occurs at the altitude of 200 km. In the second, third, and fourth cycles, however, the strong enhancement in N e /N e0 occur at the altitude of 214 km and the relative weak enhancement in N e /N e0 at the altitude of 200 km.
The altitude profile of the ratios of electron temperature T e to the undisturbed values of T e0 as a function of heating cycle is given in Figure 7 (top), where T e0 is given by the median of the profile of electron temperature taken from the final 5 min of the last cycle of the UHF radar observations. When heating on, there is a strong enhancement in T e /T e0 extending in the vicinity of the reflection altitude, which varies with pump frequency f HF in particular and disappears when heating off. When f HF sweeps in the LB, T e /T e0 enhances strongly up tõ 1.5, whereas when f HF lies in the HB, there is slightly less enhancement in T e /T e0 of approximately up to~1.25. When f HF is in the GB and very close to 5Ω ce from below, T e /T e0 is approximately on the order of~1.2 and is less than that in both the LB and HB. Consequently, it is noticeable that
where (T e /T e0 ) LB , (T e /T e0 ) HB , and (T e /T e0 ) GB indicate T e /T e0 when the pump operates in the LB, HB, and GB, respectively. Similarly, a subset of altitude profile of T e /T e0 within the altitude range from 180 km to 300 km is shown in Figure 7 (middle), which shows the strongest enhancement in T e /T e0 takes place at the altitude of 200 km and the second strongest at the altitude of~214 km. Figure 8 is the altitude profile of the ratios of electron temperature T e to the ion temperature T i as a function of heating cycle, in which there is no evidence of a change in T e /T i except for within the altitude range from 186 km to~246 km. When heating is on, there is a strong enhancement in T e /T i extending near the reflection altitude, the intensity of which varies with pump frequency f HF . When f HF lies in the LB, T e /T i enhances strongly up to~2.5, whereas when f HF is in the HB, there is slightly less enhancement in T e /T i up to~2. In the GB, T e /T i is approximately on the order of~1.65 and is less than that in both the LB and HB, namely,
where (T e /T i ) LB , (T e /T i ) HB , and (T e /T i ) GB indicate T e /T i in the LB, HB, and GB, respectively.
Discussion
Radar Echo
The intensity of scattered echo P off a particular unite volume of scatter can be expressed as the product of the electron density N e and the effective electron scattering cross-section σ eff [Djuth et al., 1987; Duncan et al., 1988] , namely,
where σ eff ≈ σ e (1 + T e /T i ) À 1 for 4πλD λ ≈0:04 ≪ 1, σ e is the Thomson cross section of electron, and the local plasma Debye length λ D ¼ 69 ffiffiffiffiffiffiffiffiffiffiffiffi T e =N e p e10 À3 m for a classic ionosphere [Baumjohann and Treumann, 1997] , λ = 0.32 m for EISCAT UHF radar wave.
Comparing Figure 2 and Figure 3 with Figure 6 and Figure 8 , one can find that (1) the first type of enhancement in P/P 0 is associated with both the slight enhancement in T e /T i and the enhancement in N e /N e0 , where the enhancement in N e /N e0 is deduced from an enhancement of ion line excited by oscillating two-stream instability and parametric decay instability, rather than the true increase in electron density. (2) The decrease in P/P 0 taking place over the altitude range of~155 km to~250 km in the LB has contributions from the enhancement in T e /T i . (3) We cannot see the prominent enhancement in P/P 0 near the reflection altitude in the HB, but there are some enhancements in N e /N e0 at the altitude from~200 km to~230 km and some enhancements in T e /T i near the reflection altitude of the pump. Essentially, the competitive balance between the enhancement in ion line and T e /T i leads to no obvious decrease or enhancement in P/P 0 near the reflection altitude of the pump in the HB. Indeed, here it should be stressed that the enhancements in N e /N e0 at the altitude from~200 km to~230 km do not correspond to the true increase in N e but to the enhancements in ion line excited by oscillating two-stream instability and parametric decay instability. (4) Considering the second type of enhancement in P/P 0 over a wide altitude range in the HHB, however, it can be seen that they are not associated with the enhancement in T e /T i but involve only the enhancements apparently in N e /N e0 extending from~230 km to the limit of radar measurement. From the first panel of Figure 4 , one can find the consistency between ion line in the HHB at the altitude of 347.5 km and the second type of enhancement in P/P 0 , which implies that the second type of enhancement in P/P 0 still is due to the enhancement in ion line. In the HHB, however, no obvious enhancement in plasma line and spikes and shoulders can be seen in Figures 5  and 4 (first panels), respectively. This implies that oscillation two-stream instability and parametric decay instability do not take place at the altitude from~230 km to the limit of radar measurement. Then what is the process leading to those enhancements in ion line at the altitude from~230 km to the limit of radar measurement?
It should be emphasized that those enhancements in P/P 0 are indeed induced by the enhancement in ion line in the HHB rather than natural, which implies that the pump energy upward or the increase in the energy density of the backscattered radar wave in the wide altitude range.
There are two possible ways for transporting pump energy upward when heating. One possible way is that the pump is coupled to the Z mode near the critical angle and propagates upward until it reaches the altitude of X = 1 + Y, where X = f pe /f HF , Y = f ce /f HF , and f ce = eB/2πm, B is the magnetic field intensity, and e and m are the electron charge and mass, respectively. With regard to the experiment conducted at 12:30 UT-14:30 UT on 11 March 2014, however, X = 1 + Y varies from~1.2 for f HF = 6.7 MHz to~1.19 for f HF = 7 MHz, where the critical plasma frequencies correspond to 8.05 MHz and 8.35 MHz, respectively. Considering the ionospheric background, it is not possible that the pump in Z mode can reach an altitude of~280 km and above. In addition, Mjolhus and Fla [1984] have calculated the resonance spatial region (radio window) of Z mode for the EISCAT heater case, which is very localized and displaced horizontally~15 km to~20 km southward from the point where the pump is when it arrives at the altitude of X = 1. Thus, the UHF radar with a beam width of 0.5°cannot probe the Z mode resonance region. Besides, the enhancement in N e /N e0 over a wide altitude range occurs only in the HHB.
In addition, a linear mode conversion of ordinary wave into an upper hybrid wave and Bernstein wave can take place at the upper hybrid resonance altitude when heating the ionosphere. However, upper hybrid waves and Bernstein waves propagate in the directions perpendicular to the magnetic field and cannot transport heating energy upward. Therefore, the way to transport pump energy upward in a wave mode should be ruled out.
The other possible way to transport energy upward is a plasma transport process, such as diffusion along the magnetic field due to thermal pressure and density gradient. Neglecting the natural electric field and the natural wind field and only considering the thermal pressure gradient and density gradient caused by the ionosphere heating as well as gravity, the plasma diffusion velocity yields [Risthbeth and Owen, 1969] 
here D is the plasma diffusion coefficient and is given by D ≈ (2 × 10 19 /n)cm 2 /s for reasonable daytime conditions, the neutral density n is given by n[O] = (5 × 10 9 )cm À 3 , H is plasma scale height and~50 km, and plasma temperature T p is defined by T p = (T e + T i )/2. It should be emphasized that the parameters used here are measured either in unmagnified plasma or along the geomagnetic direction, so the diffusion process does not take the effect of the magnetic field as well as horizontal diffusion into account. The parameters obtained during the experiment focused in this paper show (D/H)(dN e /dh) ≈ 0.0025 km/s, (D/T e )(dT e /dh) ≈ À 0.0012 km/s and D/H p ≈ 0.0024 km/s, then W d ≈ À 0.0037 km/s at the reflection altitude, where the negative sign indicates the downward direction of diffusion along the magnetic field. Besides, the observation that the enhancement in P/P 0 does not immediately occurs with heating on, but a delay of~30 s, shows the measured characteristic time of electron density enhancement is much less than the diffusion time obviously. Then the diffusion along the magnetic field due to thermal pressure and density gradients fails to support the way to transport energy upward.
A way to transport energy upward, the thermal instability excited by the pump, was given by Kuo and Djuth [1988] . The thermal source for the thermal instability is maintained by the pump and distributed locally near the reflection altitude of the pump and must be distributed over a large volume through heat conduction along the magnetic field. The perturbation on local electron temperature modifies the local heat conduction. As a result, the net heat flow into the perturbed region from the heat source, which is located at a different
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region and also perturbed and give rise to a positive feedback to the perturbation. When the threshold of the ratio of the electron temperature to ion temperature T e /T i is satisfied during heating, a broad spectrum of density irregularities will be generated at the reflection altitude of the pump and flow upward along the magnetic field, furthermore, enhance the backscattering of the radar wave in a wide range of height and produce spread F on the ionogram trace possibly. In the experiment studied in this paper, the ratio of the electron temperature to ion temperature in the HHB (T e /T i ) HHB is up to~2, which satisfy obviously the threshold for a typical ionosphere given by Kuo and Djuth [1988, Figure 1 ], then irregularities with scale sizes of~13 m should be generated by the thermal instability with a normalized growth rate of~0.72 [Kuo and Djuth, 1988 , Figures 1 and 2] . Considering the normalization factor ν ei0 (m e /m i ) = 1.7 × 10 À 2 Hz [Kuo and Djuth, 1988] , a growth time of~82 s should be obtained, which is on timescales of the order of tens seconds and consistent approximately and reasonably with the delay of~30 s of the enhancement in P/P 0 after heating on. However, one cannot see the similar enhancement in the LB, where (T e /T i ) LB is up to~2.5 and satisfies the threshold of the thermal instability. In addition, no spread F was observed on the ionogram trace measured by the EISCAT Dynasonde during the experiment. Indeed, only irregularities polarized in the meridian plane can effectively cause spread F [Kuo et al., 1985; Kuo and Djuth, 1988] . Though the excited thermal instability cannot explain the enhancement in P/P 0 over a wide altitude range in the HHB, it provides an alternative modification of experiment in the future, namely, to suppress the enhancement in T e /T i by shortening the heating period of each pump frequency.
Apart from transporting pump energy upward by means of pump wave conversion and plasma transport process, we should also consider the radar wave rather than only the pump. Rietveld and Senior [2015] suggested a hypothesis where the field-aligned irregularities that are much larger than the radar wavelength, and perhaps with hundreds of meters scale size, cause radar waves near grazing incidence to be reflected. If the irregularities are extended long enough along the field line, multiple reflections can occur so that the region of irregularities acts as a duct where the overall decrease of the radar's field strength with distance falls off more slowly than r 2 , where r is the propagating distance. It is this slower decrease of the radar wave with distance than the free space falloff as r 2 assumed in the normal incoherent scatter analysis that causes the stronger backscatter from all ranges above the ducting region of irregularities. Thus, an apparent enhancement in electron density can be obtained by the standard analysis of the incoherent scattering spectrum. Some evidence supporting the above hypothesis seems to be the upper layer of plasma lines in the panels of 204.39 km and 207.32 km in Figure 5 , which show the coincidence in heating cycle with those enhancements in P/P 0 over a wide altitude range and must be an important clue in explaining the enhancement in P/P 0 over a wide altitude range. So far, three questions arise.
(1) If the returned power to the radar is increased, not only ion line but also plasma line should be enhanced. However, the downshifted plasma line at altitude of 339.38 km does not show an enhancement in intensity. (2) Whether the large-scale irregularities can focus or collimate the radar wave at the frequency of 930 MHz. (3) What mechanism is responsible for those large-scale irregularities, which are not so easily observed because there are no suitable radars that can observe the large-scale irregularities perpendicular to the magnetic field. It seems there remains much work to be done in the future.
Plasma Line
During the ionospheric heating experiment, the enhancements in plasma line and ion line are regularly observable by incoherent scatter radar and contributed to the parametric decay instability and the oscillation two-stream instability excited by the pump. In the three-wave interaction, a strong wave (ω 0 , k 0 ) causes the growth of two weak waves (ω 1 , k 1 ) and (ω 2 , k 2 ), where the wave parameters satisfy the matching conditions, ω 0 = ω 1 + ω 2 and k 0 = k 1 + k 2 . With regard to the parametric decay instability, (ω 0 , k 0 ), (ω 1 , k 1 ), and (ω 2 , k 2 ) are associated with the pump, Langmuir wave and ion acoustic wave, and to the oscillating two-stream instability, the pump interacts with a Langmuir wave of equal frequency together with an ion acoustic wave which is spatially period but has zero frequency, namely, ω 2 = 0. In Figure 5 , the lower layers of plasma line lie at frequency f HF À 9.5k Hz, as is expected from the parametric decay instability. Moreover, Figures 4 and 5 show that the ion acoustic wave and Langmuir wave enhanced by the parametric decay instability and the oscillation two-stream instability can travel downward and be seen below the reflection altitudes of the pump, where the radar Bragg condition |k| = 2|k r | ≈ 39 m À 1 is satisfied, where kr is wave number of radar wave.
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The intensity of the pump has to exceed the thresholds of the parametric decay instability and the oscillation two-stream instability, respectively [Robinson, 1989; Bryers et al., 2013 :]
to overcome such saturation process as collision, where T i , v, and k B are the ion temperature, electron collision frequency, and the Boltzmann constant, B max a function of T e /T i and with a value of~0.56 for T e /T i = 2 [Stubbe et al., 1984] . During the experiment focused in this paper, the UHF radar measured T i , T e /T i , and v at the altitude of 200 km are~1000 K,~1.95, and~10 Hz, respectively, then E tp ≈ 0.036 V/m and E to ≈ 0.046 V/m can be obtained. For the pump in free space, the electric field E(V/m) at a range R(km) from a transmitter with ERP(kW), are given by E≈0:25 ffiffiffiffiffiffiffi ffi ERP p =R . Considering the pump with ERP ≈ 6 × 10 4 kW in the focused experiment, the electric field E should be~0.3 V/m at the altitude of R = 200 km. It is obvious that the thresholds of the parametric decay instability and the oscillation two-stream instability should be satisfied by the pump.
In the following, let us examine the upper layer of plasma line, which show the upshifting from the pump frequency f HF and the unstructured frequency spread. For more detailed analysis, some typical downshifted plasma lines at the altitude of 207.32 km from 14:07:10 UT to 14:18:10 UT are extracted from Figure 5 and shown in Figure 9 . One can see in Figure 9 that the upshifting and spread of plasma line starts to develop at 14:13:30 UT and grows with the pump frequency f HF stepping up. Additionally, the maxima of their intensity always lie at frequency À (f HF + 0.1) MHz approximately and in the frequency range of~À6.9 MHz to~À7.15 MHz.
Borisova et al.
[2016] gave a possible explanation of the upper layer of plasma lines (HFPL 2 ), namely, the possibility of interaction of four plasma waves in the region of the development of a parametric decay instability at the altitudes of z 0 ≈ z UH , where z UH the upper hybrid resonance altitude. At the reflection altitude, a longitudinal plasma wave excited at frequency of f p1 ≈ f HF cos(12 ∘ ) for 12°zenith of the heating beam, a transverse upper hybrid wave at frequency f UH , and transverse Bernstein wave at frequency f B are assumed, then a three-wave interaction may result in a fourth longitudinal plasma wave at frequency f p2 , and satisfy
As an example, considering the observation at 14:17:30 UT in Figure 9 , we have f HF = 6.994393 MHz, z 0 ≈ 214.7 km obtained through formula (1), f ce ≈ 1.38 MHz, where the total magnetic strength at the altitude of 200 km was obtained from the International Geomagnetic Reference Field model by extrapolating the measurements on the ground recorded at 14:17:30 UT by Tromsø Geophysical Observatory, UiT, the Arctic University of Norway, and f pe ≈ 7.1 MHz measured by UHF radar at 14:18 UT at the altitude of 214.4 km. Thus, f B ≈ 5f ce = 6.9 MHz, f UH = 7.23 MHz, f p1 ≈ 6.84154873 MHz, and f p2 ≈ 7.29 MHz can be obtained. Obviously, f p2 À f HF ≈ 0.29 MHz, which is not in agreement with the upshifting of plasma line of~0.1 MHz. Indeed, Borisova et al. [2016] emphasized that the excitation of the upshifted plasma line (HFPL 2 ) remained open and required further research.
Based on the Zakharov model, DuBois et al. [1988, 1990, 1991, 1993 ] developed a scenario, strong Langmuir turbulence (SLT). SLT may be excited for the pump slightly above the threshold for parametric instabilities near the reflection altitude of the pump, where the ponderomotive force contains a zero-frequency component. The zero-frequency component of the ponderomotive force drives electrons out of regions of high electric field into regions of low electric field and creates a cavity in electron density, which can trap Langmuir wave. Thus, the cavity becomes deeper, and at the same time the whole cavity is compressed by the steep pressure gradient of the plasma and collapses. The spatial scale of the cavity becomes much less than a meter. Finally, the cavity bums out and induces super thermal electrons; furthermore, the local electron temperature is enhanced. The enhancement in electron temperature increases the value of the second term 3k 2 v 2 e of the dispersion relation of free Langmuir wave:
where k is the wave number, v e the electron thermal velocity, Ω ce = 2πf ce , and θ the angle between the magnetic field and the Langmuir wave. Thus, a free Langmuir wave at ω f being larger than the pump frequency by the order of several kilohertz may be observed as the upshifted plasma line. Moreover, the superimposing of free Langmuir waves from the various altitudes or the altitude integration results in the spread of plasma line. Similarly, the observation at 14:17:30 UT in Figure 9 will be considered as an example. We have T e = 2483 K and k = 2k r , where k r denotes the wave number of the radar wave with a value of 19.6 m À1 for the EISCAT UHF radar, then f f À f HF ≈ 0.46 MHz is obtained, which is not in agreement with the observation, where f f = ω f /2π. Additionally, the other distinct feature suggested by DuBois et al. [1988, 1990, 1991, 1993] , the broad caviton continuum below the pump frequency due to rapidly collapsing trapped Langmuir wave, was not be found in Figure 9 . Moreover, when wave propagates in a nonuniform but stationary medium, its frequency will not change, but the wave number will change. In other words, with regard to formula (9), the change in ω pe and v e will be compensated by k to keep ω f unchanged. However, the model suggested by DuBois et al. [1988 DuBois et al. [ , 1990 DuBois et al. [ , 1991 DuBois et al. [ , 1993 neglects the change in the wave number k and argues that the upshifting and spread of plasma line is only due to the enhancement in electron temperature. [1992] proposed a mechanism generating HF-induced plasma lines (HFPLs) with the upshifted frequency by several tens of kilohertz, through which the parallel propagating Langmuir wave (ω 1 , k 1 ) generated by the parametric decay instability excited by the pump near the reflection height scatters into Langmuir wave (ω 2 , k 2 ) off the background lower hybrid density fluctuations (ω 3 , k 3 ) propagating in a direction perpendicular to magnetic field and generated by parametric excited Langmuir waves near the reflection height [Kuo and Lee, 1999] , where the frequency and wave number matching conditions satisfy ω 1 = ω 2 + ω 3 and k 1 = k 2 + k 3 . In Figure 9 , one can see that the spreading and upshifted plasma line in the HHB are consistent temporally with the slight decrease in intensity of the decay line, which seems to imply a coupling between the upshifted plasma line and the decay line excited by the parametric decay instability, namely, an energy transfer from the decay line to the upshifted plasma line. In addition, UHF radar detected simultaneously both the upshifted Langmuir wave and the Langmuir wave excited by the parametric decay instability, then it is safe to conclude that the upshifted Langmuir wave has same wave number of 39 m À1 as the Langmuir wave excited by the parametric decay instability, namely, k 1 = k 2 , which implies that a lower hybrid oscillation (ω 3 ,0) exist according to wave number matching condition k 1 = k 2 + k 3 . Here we still take the observation at 14:17:30 UT in Figure 9 as an example. Considering atomic oxygen as the most common ion species at the F 2 layer and using the proton-to-electron mass ratios m i /m e ≈ 1836 [Najmi et al., 2016] , f ci ≈ 3.4 × 10 À 5 f ce , f pi ≈ 0.006f pe , then the lower hybrid oscillation frequency f LH ≈ 31.5 kHz is obtained through [Najmi et al., 2016] the following:
Kuo and Lee
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where m e , m i , f ci , and f pi are electron mass, ion mass, ion gyrofrequency, and ion plasma frequency. Thus, it seems possible that the lower hybrid oscillation with wide spectrum contribute to the upshifting and spread of plasma line. In addition, the cascade, a means to dissipate the parametric decay instability excited by the pump, may play a role in the spreading plasma line [Kuo and Lee, 1999; Kuo, 2001] . On the other hand, that the maxima of the spreading and upshifted plasma line always lie at frequency À(f HF + 0.1) MHz approximately, does not confirm the conclusion given by Kuo and Lee [1992] that the amount of upshifted frequency is inversely proportional to the pump frequency.
A question shared by the above three mechanisms is why the spreading and upshifted plasma line appears only in the HHB, rather than in such pump band as GB and LB. Indeed, due to the coincidence of the spreading and upshifted plasma line with the enhancements in radar backscatter over a wide range, the spreading and upshifted plasma line may be an important clue in explaining those backscatter enhancements.
Electron Density
The change in electron density induced by powerful pump is difficult to measure for the following reasons. The density is much more variable both in time and space, and the artificial density change is relatively small [Rietveld et al., 2003] . Thus, are those apparent enhancements in N e /N e0 shown in Figure 6 the true increases in electron density? Those remarkable enhancements in N e /N e0 around the reflection altitude occurring in the GB in the third cycle and in the HB and GB in the fourth cycle, respectively, in Figure 6 appear to be consistent with the behavior of ion line shown in Figure 4 . Thus, according to standard analysis of incoherent scattering spectrum, the apparent enhancements in N e /N e0 in the GB and HB around reflection altitude should be the result of an enhancement of ion line excited by oscillating two-stream instability and parametric decay instability around the reflection altitude . In other words, they do not correspond to the true increase in electron density. In addition, in the first and second cycles, one cannot see the similar enhancement in N e /N e0 . This could be due to the short integrating time and the background ionosphere with the higher electron density, especially in the first cycle, which conceals those enhancements in N e /N e0 induced by the enhanced ion line excited by the oscillating two-stream instability and parametric decay instability.
Considering the enhancement in N e /N e0 over a wide altitude range in the HHB, however, the above interpretation is hard to explain the behavior of ion line at the altitude of 344.56 km illustrated by the first panel of Figure 4 , in which no spikes and shoulders were found. Blagoveshchenskaya et al. [2011a Blagoveshchenskaya et al. [ , 2011b reported EISCAT UHF radar observation of an increase up to 30% in electron density over a wide altitude range induced by an X mode pump wave with frequency f HF ≈ f x F 2 , where f x F 2 is the critical frequency of the extraordinary wave for F 2 region. Senior et al. [2013] showed that the apparent large electron density enhancements over a wide altitude range do not, in fact, correspond to the true increase in electron density and may be due to some unknown mechanism that does not involve a change in plasma density but rather pump induced incoherent scatter ion line enhancement. In addition, Borisova et al. [2016] presented an apparent increase in electron density by 40-50% in a wide range of altitudes 450 km-500 km during O mode pump wave near fifth gyrofrequency. The enhancements in N e /N e0 presented in Figure 6 have similarities to that given by Blagoveshchenskaya et al. [2011a Blagoveshchenskaya et al. [ , 2011b , Senior et al. [2013] , and Borisova et al. [2016] . In the first place, they extend from the reflection altitude to the limit of the radar's measurement. Second, they appear to be approximately independent of altitude. Third, after the pump is switched on, they do not occur immediately but have a delay of~30 s. Fourth, after the pump is switched off, the enhancement decays to the undisturbed level within tens of seconds. Fifth, they are not confirmed by the incoherent scatter plasma line but only involve the enhancement in ion line.
In summary, it seems reasonable to conclude that those enhancements in N e /N e0 over a wide altitude range do not, in fact, correspond to a true increase in electron density, but due to the enhancement in ion line or the enhancement in radar backscatter induced by some unknown mechanism, which do not involve a change in plasma density
On the other hand, there is a slight decrease in N e /N e0 around~200 km when heating in the LB in the first cycles, which is coincident in heating cycle with the decreases in P/P 0 and P d shown in Figures 2 and 3 , respectively, and should be a result of the trapping of upper hybrid wave excited by pump at upper hybrid resonance altitude [Mjolhus, 1993] . As is well known, an O mode pump can couple through either preexisting
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or artificially induced irregularity into an upper hybrid wave at upper hybrid resonance altitude [Dysthe et al., 1982; Mjolhus, 1993; Rietveld et al., 2003] , where pump frequency yields
here ω UH denotes the upper hybrid frequency. In other words, at upper hybrid resonance altitude, the pump may excite the upper hybrid resonance in background ionosphere, which may be linearly converted into the upper hybrid wave at the edge of the irregularity and propagate into the irregularity along the gradient of electron density ∇N. The upper hybrid wave dissipates energy through Ohmic, heats electrons in the irregularity, and leads to an effect of reducing electron density in the irregularity due to thermal electron transport.
The ionospheric heating will generate a broad spectrum of density irregularities in the heated region [Kuo et al., 1983] , which may bring about an averaging effect for the radar observation. For the sake of simplicity, here we assume an individual irregularity N 1 with a constant initial upper hybrid frequency ω IR UH and the second cutoff frequency ω 2cf [Mjolhus, 1993] . For the clear descriptions, Figure 10 gives the schematic of dispersion curves of upper hybrid wave in the bands of ω/Ω ce = 4 and ω/Ω ce = 5, which are computed for an individual irregularity density of 5.63 × 10 9 /m À 3 and three background plasma densities of 6.25 × 10 9 /m , respectively, where the electron gyrofrequency Ω ce and electron temperature T e are put 1 MHz and 1500 K. Additionally, it should be noted that three background plasma densities have been chosen so that the ratios of their upper hybrid frequencies to electron gyrofrequency ω UH /Ω ce lie in the bands of ω IR UH =Ω ce ; ω 2cf =Ω ce À Á , (ω 2cf /Ω ce , 5), and (5,5 + δ), respectively, where δ is small positive offset. In Figure 10 , the dash curves (a) and (d) are the dispersion curves of the upper hybrid wave and the fifth harmonic of Bernstein wave of irregularity N 1 , respectively. The solid curves (b), (c), and (e) are the dispersion curves of the upper hybrid wave of three background plasma, respectively, then their upper hybrid frequencies ω UH will lie in the bands of ω IR UH ; ω 2cf À Á , (ω 2cf , 5Ω ce ) and (5Ω ce , 5Ω ce + δ) corresponding to the cases of LB, GB, and HB, respectively. Moreover, the following convention is adopted in Figure 10 : the part of the dispersion curve between the upper hybrid cutoff k = 0 and the second cutoff k = k 2cf , is termed upper hybrid mode, while that on k > k 2cf is termed electron Bernstein mode [Mjolhus, 1993] . When the pump is operated at a particular frequency in band ω IR UH ; ω 2cf À Á , the upper hybrid resonance ω UH will be excited in N 0 as shown on curve (b). At the edge of N 1 , those upper hybrid resonances will be linearly converted into the upper hybrid wave and propagate into N 1 and be trapped by N 1 , furthermore, dissipate energy through Ohmic and heat electrons in N 1 . Then the escape of heated electrons from N 1 will take place and result in the increase in the depth of N 1 . This implies the decrease in the average electron density in heated region. With regard to the experiment reported in this paper, the second cutoff frequency f 2cf = ω 2cf /2π should be~6.848598 MHz in the first cycle. 
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It is unfortunate that the similar decrease in N e /N e0 cannot be seen obviously in the second, third, and fourth cycles in Figure 6 . This may be due to (1) the lower electron density of background ionosphere in the second, third, and fourth cycles than that in the first cycles, (2) the electron density variation both in time and space [Rietveld et al., 2003] , (3) the relatively small change in artificial electron density [Rietveld et al., 2003] , (4) the difficulty to measure the relatively small change in artificial electron density using EISCAT UHF radar, and (5) the short integrating time of 10 s.
Electron Temperature
Although the enhancement in electron temperature by a pump at a single fixed frequency is commonly observed with O mode heating, the magnitude of the enhancement presented here is a function of pump frequency f HF as shown by formula (2). The mechanism of second cutoff given by Mjolhus [1993] plays a decisive role in the anomalous absorption of the pump. At upper hybrid resonance altitude of the pump, an irregularity N 1 satisfying the condition [Dysthe et al., 1982] 
can trap the upper hybrid wave excited by the pump, where ΔN = N 0 À N 1 is the characteristic depth of the irregularity, l the scale of variation of
, and Y = f ce /f HF and give rise to a standing upper hybrid wave, which can heat effectively electron and force out plasma and furthermore deepen the irregularity. With regard to the experiment in this paper, λ ≈ 0.0083 m can be obtained through the measurements of UHF radar, and l ≈ 1 m is putted for the typical ionosphere [Dysthe et al., 1982; Mjolhus, 1993] , then (λ/l) 2 ≈ 6.87 × 10 À 5 . Indeed, the ionospheric heating can generate a broad spectrum of density irregularities in the heated region, then the condition should be satisfied regularly for ΔN/N 0 > 6.87 × 10 with a wave number k in N 1 , which can be trapped by N 1 and dissipate energy in N 1 through Ohmic. The heated electron may escape from N 1 to balance the thermal pressure of N 1 and enter into N 0 to enhance effectively the average temperature of N 0 . The escape of heated electrons will deepen N 1 and reduce the cooling rate of N 1 due to the poor thermal coupling between the lower density plasma and the neutral atmosphere.
Similarly, in the HB where the pump sweeps in the band of (5Ω ce , 5Ω ce + δ) as shown by the curve (e) in Figure 10 , the dispersion curve of upper hybrid wave in N 0 almost coincide with that of the fifth harmonic of Bernstein wave in N 1 for small wave number. Strictly, the upper hybrid resonance enhanced by the pump in N 0 can be coupled into the fifth harmonic of Bernstein wave of N 1 and trapped in N 1 . Due to the larger phase velocity of the fifth harmonic of Bernstein wave of N 1 in the band of (5Ω ce , 5Ω ce + δ) than that of the upper hybrid wave of N 1 in the band of ω IR UH ; ω 2cf À Á , however, the trapped fifth harmonic of Bernstein wave will dissipate less energy through Ohmic into N 1 in the band of (5Ω ce , 5Ω ce + δ). Thus, in N 1 , the cooling rate in the band of (5Ω ce , 5Ω ce + δ) should be larger than that in the band of ω IR UH ; ω 2cf À Á , then (T e /T e0 ) LB > (T e /T e0 ) HB is led to.
However, the above mechanism will cease to work when the pump frequency ω HF approaches 5Ω ce . In other words, there will be an abrupt disappearance of the enhancement in electron temperature once the pump frequency ω HF passes 5Ω ce from above, and then a gradual recovery of the enhancement in electron temperature as the frequency is further stepping down. When the pump is operated in the band of (ω 2cf , 5Ω ce ) as shown by the curve (c), that is, in the GB, the upper hybrid resonance excited by the pump in N 0 cannot be linearly converted into the upper hybrid wave in N 1 . In other words, the trapping of upper hybrid wave will not take place in N 1 , then N 1 will not develop, and electron will not be heated effectively.
The frequency bandwidth mΩ ce À ω HF for the disappearance of enhancement in electron temperature can be estimated by [Mjolhus, 1993] mΩ ce À ω ð Þ =ω≈K m ΔN=N 0 ð Þ mÀ2 m ¼ 3; 4; 5; …
where 
Conclusions
This paper reports the experimental phenomena involving the apparent enhancement in electron temperature and electron density during an ionospheric heating experiment with a frequency near the fifth electron gyrofrequency on 11 March 2014 at EISCAT Tromsø site in northern Norway.
The UHF incoherent scatter radar observation shows some strong enhancements in electron density when the pump is operating slightly above the fifth electron gyrofrequency, which extends from approximately the reflection altitude of the pump to the limit of the radar measurement above 700 km and are apparently altitude independent. Although the observations of plasma line spectrum show no true increase in electron density, those strong apparent enhancements in electron density are corresponding to the enhancements in ion line or radar echo and consistent temporally with the upshifting and spread of plasma line at frequencies slightly above pump frequency around the reflection altitude of the pump. To our knowledge, the four-wave interaction, strong Langmuir turbulence, and Langmuir waves scattering off the lower hybrid density fluctuations suggested by Borisova et al. [2016] , DuBois et al. [1988 DuBois et al. [ , 1990 DuBois et al. [ , 1991 DuBois et al. [ , 1993 , and Kuo and Lee [1992] , respectively, cannot explain completely the upshifting and spread of plasma line. It seems that many processes may compete with each other and much more work remains to be done.
In addition, the observations also show some enhancements in electron temperature occurring near the reflection altitude of the pump, which appear to be a function of pump frequency. Due to the low cooling rate induced by the escape of thermal electron, the strongest enhancement occurs below the fifth electron gyrofrequency. The second strongest occurring above the fifth electron gyrofrequency is due to the trapped fifth harmonic of Bernstein wave with a larger phase velocity, whereas those enhancements in electron temperature at the pump frequency very close to the fifth electron gyrofrequency are much less than those both below and above the fifth electron gyrofrequency, due to the absence of the trapping of upper hybrid waves.
